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Abstract 
In 1999, a 2100 m2 (GFA) two-storey rammed earth building was built on the 
Thurgoona campus of Charles Sturt University. The climate at Thurgoona is 
considered Mediterranean - hot dry summers and cool winters. The internal and 
external walls of the building are constructed from 300-mm thick rammed earth 
(pise) and are load bearing. The thermal performance of the building has been 
investigated, both experimentally and theoretically over the summer and winter 
seasons of 2000/1. As part of these investigations heat flux sensors and 
thermistors were embedded in one of the external walls of a ground floor office. 
Data from the transducers has been used to determine the heat flow at the internal 
and external wall surfaces. The simulation software, TRNSYS, has been used to 
model the thermal performance of the same office. A comparison of measured and 
predicted values of heat flow has been used to validate the model. The model has 
then been used to simulate the effect of shading, insulation and other measures 
on the thermal performance of the external walls in both summer and winter. 
Results show that in summer either shading or insulating the outside of the wall 
improved its thermal performance over occupied hours, based on the cooling 
energy required to maintain a set temperature. In the winter, external insulation 
reduced both peak heating and energy requirements. When this was combined 
with other energy saving measures, this type of rammed earth building appears to 
perform well in the inland Australian climate. 
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Introduction 
The reality of climate change and increasing fuel prices seem at last to be driving 
the Australian commercial builping industry to seriously consider building thermal 
performance (Thomas and Prasad, 1995). The emergence of a number of rating 
tools e.g. AGBR, NABERS to quantify the operation of buildings either in terms of 
greenhouse gas emissions or their ability to meet various sustainability standards 
illustrate that the industry is entering a new era. Earth wall construction, in its 
various forms, has been claimed to be 'green' from the perspective of its embodied 
energy, while simultaneously having acceptable thermal properties (Knox, 1975). 
The high density of earth walls, however, results in a relatively high conductivity 
and hence a low insulation value (Adams and Jones, 1995). Advocates of earth 
walls have claimed that this negative characteristic is offset by their 
correspondingly high mass (Kruithof, 2000). 
1 Charles Sturt University 
2 Deakin University 
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The overall performance of a building depends on the combined effect of many 
factors. The power of the modern desktop computer now allows a thermal model 
of the building to be developed from the physical parameters of its walls, ceilings, 
floors, windows and roofs. The model can then be used to predict thermal comfort 
and energy use under various climatic conditions and also to study changes made 
to the building as a parametric study. This paper describes the use of a computer 
model to examine the performance of the external rammed earth walls in an 
existing office building and to explore the effects of modifying these walls. 
CSU Building 
The CSU office building is a two-storey building with 300-mm thick load-bearing 
rammed earth external and internal walls. The building is curved and orientated as 
shown in Figure 1. There is a central corridor running the length of the building on 
both levels of the building with offices located on either side. Each office has a 
typical floor area of 10.5 m2. 
Figure 1 Orientation of the CSU building 
The office used for this study is located on the southeast corner of the building on 
the ground floor (Figure 2a). During the summer, the building management system 
(BMS) allows night purging of the building by opening vents under the window and 
in the ventilation stack. Opening times are controlled by the relationship between 
office and ambient temperatures. Hydronic pipes, buried in the floor and ceiling 
slab, supply heat to these surfaces during the winter. 
Figure 2a Office used Figure 2b Location of heat flux 
transducers 
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Instrumentation and Measurements 
Two heat flux transducers (Betatherm, 2003) were mortared into the internal and 
external surfaces of the east-facing external wall (Figure 2b). Thermistors were 
used to measure temperatures in the office, namely: at various heights, globe, wet 
bulb, wall surface and mid-wall. Sensors recorded fan rotation and window status. 
Two Campbell Scientific data loggers collected averaged data at fifteen-minute 
intervals and a Davies weather station collected climatic data. The position of the 
sensors and measurements taken has been described elsewhere (Taylor and 
Luther, 2004). 
Simulation Model 
The thermal performance of the instrumented office has been simulated using a 
commercial software program, TRNSYS (SEL, 2000). The parameters used in the 
model and its validation over a 5-day period in February 2002 for an upper storey 
office on the western end of the building has been described elsewhere (Taylor et 
aI., 2004). The same parameters have been used in this study except where noted 
below. For example, the office was rarely used and thus initially no internal heat 
loads (people, lights and computer) were included. 
The density of the rammed earth (2050 kg/m 3) was established directly from a 
sample. The conductivity (1.1 W/m/K) and heat capacity (600 J/kg/K) were 
established by matching theoretical and measured surface heat flows and 
temperatures using numerical methods. The value for the internal surface air film 
conductance (8.3 W/m2/K) was established by matching measured surface heat 
flow and that predicted from these temperature measurements (Taylor and Luther, 
2004). 
Air exchange rates in the office were not measured directly. The values used 
were established as part of the validation procedure by matching predicted and 
measured air temperatures, and were found to be different from those of the 
previous study (Taylor etal., 2004). This was not surprising because the air 
exchange is controlled, in part by the stack effect, and this office is on the ground 
floor, not the first floor as in the previous study. Constant infiltration rates were set 
at 2 and 3 ACH in summer and winter respectively. The higher value is used in 
winter because there is a larger stack effect due to a higher temperature 
differential. Night purging only occurs in summer. The additional air exchange 
rate caused by night purging was set at (7 x vent9) ACH. In this study, the surface 
solar absorptance was set to 0.6, not 0.5 as used previously (Taylor et aI., 2004). 
This parameter was not measured but was chosen by matching both measured 
and simulated wall temperatures and heat flows. The latter were not available in 
the previous study as no heat flux transducers had been embedded in the walls. 
9 The variable vent can take values of 0 or 1. The latter indicates that the window is open or the 
night purging is taking place, while a zero implies the contrary. Ventilation of the office occurred 
when the external air temperature fell 2°C below the average internal building air temperature and 
ceased when the two temperatures became equal. 
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Model Validation 
Five-day periods were selected in both summer and in winter to validate the 
model. The period in summer had clear sunny days with a maximum temperature 
of 36.3°C on the last day. This time period was chosen to represent challenging 
performance conditions. However, the maximum temperature did not reach the 
AIRAH design temperature of 39°C, recommended for this region. The winter 
period was considered typical for that time of year. There were three sunny days 
with cold nights followed by two cloudy days. The performance of an east-facing 
external wall was considered. All heat flow towards the office at a wall surface is 
considered positive and heat flow away from the office space is treated as 
negative. 
Summer Period Validation 
The external surface of the east-facing wall received direct sunlight at sunrise. At 
this time the external surface temperature rose to over 40°C and as a result there 
was a peak flow of over 200 W/m2 of heat into the wall. Once the sun passed its 
zenith the heat flux dropped to nearly zero and then the wall lost heat during the 
night. Good agreement between measured and simulated surface temperatures 
and heat flux was obtained (Figure 3). 
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Figure 3 Measured and simulated outside surface temperature and heat flux 
of east-facing external wall in summer 
The internal surface of the wall experienced a lower range of temperatures and 
heat flows. The peak temperature of this surface occurred in the late evening 
demonstrating the thermal lag that occurs with high-mass walls. The overall 
temperature of the wall rose during the week. The magnitude of the heat flux was 
much lower than at the outside surface of the wall and was greatest during night 
purging. The simulated maximum and minimum values of heat flow were of 
greater magnitudes than the measured values (Figure 4). A possible reason for 
this discrepancy is that TRNSYS treats the air in the zone as being at a uniform 
temperature whereas measurements show stratification existed in the office - and 
increased during night purging. 
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Figure 4 Measured and simulated inside surface temperature and heat flux of 
east-facing external wall in summer 
Winter Period Validation 
During the winter period the failure of the floor heating system caused this office to 
remain below 18°C for the entire time period - although the ceiling was heated. 
The floor temperature remained at 15°C, whilst the ceiling temperature fluctuated 
as the BMS system controlled the heating rate. The flow rate and temperature of 
the heating water used in this simulation was chosen to predict the correct office 
air temperature at a height of 1.1 m. To model the monitored office successfully 
the temperature of the air in the adjacent office was assumed to be 7°C warmer 
than in the measured office. Although not presented here simulated and 
measured temperatures of the internal office walls were also compared and good 
matching was obtained with this adjustment. VVhilst this may be regarded as a 
calibration procedure it is reasonable because experience shows temperatures 
vary markedly between individual offices due to the inaccuracies of the control 
system, which caused air temperatures to be warmer in the offices nearer the 
centre of the building. The outside surface temperature and heat flow at the 
external wall showed a similar pattern to that in summer (Figure 5). 
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Figure 5 Measured and simulated outside surface temperature and flux of 
east-facing external wall in winter 
The measured flux from the internal surface was always negative (10-20 W/m2) 
and somewhat greater than the simulated values (Figure 6). This may have been 
as a result of temperature stratification caused by a warm ceiling and a cold floor. 
As expected, heat flowed continuously from the room into the wall to the outside 
reaching a maximum at midday. The inside wall surface temperature was less 
than 15°C, which would have produced a cold (radiant) experience for the 
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occupants. 
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Figure 6 Measured and simulated inside surface temperature and heat flux of 
east-facing external wall in winter 
Parametric Study 
The comparison between the measured and simulated values of surface 
temperatures and heat fluxes indicated that the model is able to realistically predict 
the performance of this wall and the thermal zone of which it is part. This office, 
however, was rarely occupied and therefore was not representative of the 
conditions in the building as a whole. If the office had been occupied, the internal 
loads due to people, lights and computers would have changed the thermal 
conditions. In order to generate more realistic heating and cooling loads, the 
model was modified by adding various internal heat loads and changing the 
ventilation-infiltration levels. During occupied hours, the office air temperature was 
maintained at 22°C in winter and 24°C in summer. Using these values (Table 1), 
the effect of changes to the external walls were then investigated to determine 
how much the conditioning energy requirements could be reduced in both summer 
and winter, while still maintaining comfortable conditions within the office 10. 
Table 1 Additional loads and schedules used in parametric simulations 
Load Winter Summer 
Person 150W 150W 
Computer 140W 140W 
Fan n.a. 50W 
Lights 100W n.a. 
Night n.a. Reduced to 2 ACH 
ventilation 
Infiltration Reduced to 1 ACH n.a. 
Set point (7am-6pm) 22uC 
(6pm-7am)150C 
(8am-6pm) 24uC 
10 Changes made were applied to both external walls, although only the east-facing wall is reported 
on. The heat flow in this wall is considered to be one-dimensional perpendicular to the wall 
surface, whereas the direction of heat flow in south facing wall is affected by its close proximity to 
a comer. 
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Summer Period Parametric Study 
The night purging was reduced for the parametric study to ascertain the 
mechanical chilling required if this system was not available. In summer, the heat 
loads added an extra 17.0 MJ to the cooling load of the office during occupied 
hours. The maximum cooling power required was found to be approximately 0.8 
kWand occurred on the last day of the simulation period. Analysis of the heat 
flows between the 8am and 6pm indicated that nearly a third of the cooling energy 
was lost to the external wall. Two strategies, namely shading and insulating the 
external wall, were therefore investigated to reduce the cooling energy 
requirements. For insulation, 50 mm of a material such as polystyrene was added 
to the outer surface of the external walls 11. Table 2 shows the results of the 
simulations. 
Table 2 Energy flows, peak loads and cooling energy requirements for 
existing and modified external wall in summer 
Variable Existing Shaded Insulated 
Wall Wall Wall 
Heat from external wall 16.2 -8.8 -7.3 
(MJ) 
Peak cooling load (kW) 0.8 0.5 0.4 
Total cooling energy (MJ) 45.3 23.1 15.7 
The addition of shading reduced the peak load by 37% and the total cooling 
energy required was almost halved. The external wall became an asset (indicated 
by negative sign) and removed heat from the office during the working day. Figure 
7 shows the reduction in heat penetrating the east-facing wall in the morning. As a 
result of the reduced heat input, there was a negative heat flow on the inside 
surface during the daytime i.e. the wall provided some cooling. 
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Figure 7 Measured and simulated heat flux levels at the inside and outside 
surfaces of the shaded external east-facing wall in summer 
The addition of insulation reduced the cooling energy requirements to about one 
third of the original prediction (Table 2) by partially isolating the wall from ambient 
air. Under these conditions, the cooling load was further reduced to 15.7 MJ i.e. 
11 The R-value for the earth material alone for a 300-mm thick wall is approximately 0.27 m2K/W. 
After the addition of insulation (R = 1.8 m2K1W), the wall has an R-value of2.07 m2K1W. 
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one third of the original estimate. Figure 8 shows how the insulation almost 
completely prevented the walJ from absorbing energy from the early morning sun 
and reduced the heat lost by the inside surface during night cooling. 
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Figure 8 Measured and simulated heat flux levels at the inside and outside 
surfaces of the insulated east-facing external wall in summer 
Winter Period Parametric Study 
The hydronic heating occurring in the ceiling was switched off for the parametric 
study so that the model could ascertain the mechanical heating required. Under 
these conditions, 390.5 MJ was needed to heat the office for the entire five days, 
with a peak requirement of 3 kW (Table 3). Almost one third of this energy (121.4 
MJ) was lost through the external wall (indicated by a negative heat flow). Two 
strategies to reduce the air conditioning energy requirements were therefore 
investigated, namely wall insulation and a combination of insulation, glazing and 
reduced infiltration. 
Table 3 Energy flows, peak loads and heating energy requirements for 
existing and modified east-facing external wall in winter 
Variable Existing Insulate Insulated Wall + 
Wall dWall Insulated Slab + 
Low-E Window + 
Reduced 
Infiltration 
Heat from external wall -121.4 -26.2 -31.2 
(MJ) 
Peak heating load (kW) 3.0 2.5 1.0 
Total heating energy (MJ) 390.5 249.0 62.3 
Insulation alone reduced the heating requirement in winter to 249 MJ, with the 
heat lost by the external wall falling to a fifth of its previous value. The 
temperatures and heat flows for the inside surface of the external wall show a 
series of exponential increases and decreases as the wall warms during the 
heating period and then cools at night (Figure 9). 
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Figure 9 Measured and simulated temperatures and heat flux levels at the 
internal surface of the insulated east-facing external wall in winter 
If, in addition to the wall insulation, other energy savings measures (e.g. floor 
insulation, low-e glazing etc) had been adopted, even greater energy savings 
could have been achieved (Table 3). Although the simulations indicate that the 
heat lost to the external wall would increase slightly because the office was 
warmer, the heating demand has dropped to only one sixth of its original value. 
No heating is required at night to maintain the required temperature as the office 
air temperature did not fall below 18°C. 
Conclusions 
The parametric study indicates that shading or insulating an exposed east-facing 
rammed earth in summer will improve its thermal characteristics when considered 
over a working day. The early morning input of heat to the exterior surface from 
absorbed solar radiation is reduced and so the wall is able to act as a cooling 
agent during occupied hours. The poor R-value of rammed earth leads to a large 
heat loss during winter. However, external insulation markedly reduced the heat 
loss and when coupled with low infiltration and high quality glazing offers the 
possibility of developing very low energy buildings, which will perform well in an 
Australian inland climate throughout the year. 
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